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Near-field  nanoscale  imaging  of  tapered  suspended  VO2  crystal  beams 

We  employed  scattering  type  scanning  near-field  optical  microscope  (s-SNOM) 
to  probe  the  possible  existence  of  mixed  phases.  S-SNOM  allows  direct  imaging  of 
evolution  of  insulating  and  metallic  phases  with  increasing  temperature  at  nanometer- 
scale  spatial  resolution.  A  linearly  polarized  probing  CO2  laser  (wavelength,  X=10.7  pm) 
is  focused  on  the  tip-sample  interface,  high  harmonic  demodulation  coupled  with  pseudo¬ 
heterodyne  interferometer  are  used  to  detect  the  near-field  signal  with  ~30nm  spatial 
resolution  above  the  tapered  VO2  beam.'  The  image  contrast  is  determined  by  the  local 
spatially  varying  dielectric  function  of  the  surface.  Hence,  regions  of  the  metallic  phase, 
due  to  larger  effective  tip-sample  polarizability,  result  in  higher  s-SNOM  amplitude 
signal  compared  with  that  of  the  insulating  phase.  The  wavelength  of  the  laser  was 
chosen  specifically  in  order  to  maximize  the  difference  in  the  optical  conductivity  of  the 
insulating  and  metallic  phases  of  VO2  and  thus  achieve  optimum  s-SNOM  amplitude 
contrast  at  different  temperatures.  Interestingly,  for  a  tapered  beam  demonstrating  ~15% 
thermal  rectification  at  300K,  there  exists  s-SNOM  amplitude  contrast  across  the  taper 
confirming  phase  coexistence  at  the  same  temperature,  which  disappears  when  the 
sample  is  heated  up  to  350K.  A  similar  experiment  on  a  uniform  cross-section  beam 
shows  no  amplitude  contrast  evolution. 

Near-field  infrared  spectroscopic  imaging  was  performed  with  (scattering  type 
scanning  near-field  microscope  (s-SNOM)  which  is  based  on  a  tapping  mode  ATM. 
Vertically  vibrating  Ptir-coated  Si-tip  (apex  radius  R  ~  20  nm)  with  an  amplitude  of 
about  25-30  nm  at  a  frequency  of  Q  ~  280  kHz  is  illuminated  by  a  focused  CO2  laser 
beam  at  wavelength,  X=10.7  pm.  The  tip  converts  the  illuminating  radiation  diffraction 
limited  spot  into  a  highly  localized  and  enhanced  near  field  at  the  tip  apex.  Due  to  the 
near-field  interaction  between  tip  and  sample,  the  back- scattered  radiation  from  the  probe 
tip  is  modified  in  both  amplitude  and  phase,  commensurate  to  the  local  dielectric 
response  of  the  sample.  The  tip-scattered  light  is  detected  using  a  pseudo-heterodyne 
interferometric  detection  scheme,  which  enables  simultaneous  recording  of  amplitude  and 
phase  of  the  scattered  field.  Background  signals  are  efficiently  suppressed  by 


3 


demodulating  the  detector  signal  at  the  second  harmonic  of  the  tip  oscillating  frequency. 


The  contrast  formation  in  s-SNOM  near-field  imaging  of  metal-insulator 
transition  (MIT)  in  VO2  is  understood  by  considering  the  scattered  signal  at  the  second 
harmonic  of  the  tip  frequency  as  a  function  of  the  optical  constants  of  the  tip  and  the 
sample.  Metallic  regions  show  higher  scattering  amplitude  owing  to  large  negative  real 
part  and  large  positive  imaginary  part  of  the  optical  constants  at  X,=10.7  pm.  Insulating 
regions  have  lower  scattering  amplitudes  because  of  the  small  imaginary  and  real  part  of 
the  optical  constants.  This  difference  in  locally  varying  optical  constants,  and  thus  s- 
SNOM  scattering  amplitude  signal,  provides  the  basis  for  image  contrast  formation  of 
MIT  in  VO2.  As  a  result  of  stress  induced  by  the  substrate  the  crystal  displays  periodic 
metallic  and  insulating  domains  that  are  generated  during  the  MIT.  The  spatial  periodic 
variation  of  dielectric  function  of  the  surface  results  in  periodic  set  of  insulating  and 
metallic  domain  image  contrast  due  to  convoluted  effective  polarizability  of  tip  and 
sample.  Metallic  regions  possess  larger  optical  constants,  which  provide  a  higher 
effective  tip-sample  polarizability  and  thus  a  higher  s-SNOM  contrast  in  both  amplitude 
and  phase  compared  to  the  dielectric  insulating  phases.  Such  coexisting  insulating  and 
metallic  phase  in  VO2  crystal  beams  across  MIT  has  been  seen  before  both  by  far-field 
and  near-field  microscopy  techniques. 

We  directly  observe  the  nanoscale  spatial  evolution  of  one  phase  to  another  of  a 
tapered  crystal  VO2  beam  grown  on  Si02.  We  selected  to  perform  s-SNOM  direct 
imaging  of  MIT  at  laser  wavelength,  A,=10.7  pm  because  the  dielectric  constant  of  the 
insulating  and  metallic  phases  of  V02  display  significant  differences  at  this  wavelength 
that  allow  strong  s-SNOM  optical  contrast.  We  find  that  the  characteristic  phase 
evolution  is  qualitatively  different  from  a  rod,  the  uniformly  Ml  structure  thinner  part  of 
the  taper  generates  brighter  contrast  than  the  wider  side  suggesting  phase  coexistence 
even  at  room  temperature.  As  temperature  is  increased  inhomogeneous  mixed  phase 
dynamics  across  the  taper  is  observed  until  the  phase  transition  is  more  complete  at 
higher  T  leading  to  a  more  uniform  bright  near-field  contrast. 
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We  then  eonsider  phase  evolution  at  MIT  on  a  straight  suspended  VO2  beams. 
Suspended  beams  offer  excellent  platform  to  investigate  the  spatial  dynamics  of  the 
nanoscale  MIT  evolution  without  the  presence  of  stress.  Unlike  a  tapered  beam,  which 
displays  s-SNOM  amplitude  contrast  at  room  temperature,  the  contrast  evolves  uniformly 
across  the  rod  displaying  strong  contrast  in  the  metallic  phase  compared  to  the  insulating 
phase.  No  periodic  metallic  and  insulating  domains  even  at  phase  transition  temperature 
are  observed  in  the  near-field  amplitude  image,  as  substrate-induced  stress  is  absent. 

While  the  s-SNOM  show  unequivocally  the  presence  of  mixed  phases,  the  origin 
of  these  remains  to  be  ascertained.  As  explained  above,  these  could  be  due  to  a  variation 
of  stoichiometry  along  the  beam  length.  We  also  found  a  signature  of  mixed  vanadium 
oxide  phases  in  tapered  beams  using  Auger  Electron  Spectroscopy  (AES).  However, 
recent  work  shows  that  in  addition  to  stoichiometry,  the  phase  transition  also  depends  on 
stress  fields  within  single  VO2  beams.  It  is  possible  that  the  taper  created  during  the 
beam  growth  may  lead  to  stress  gradients  which  could  produce  geometrical  and  size 
distributions  of  metallic  and  insulating  domains  and  interfaces  near  the  taper.  These  can 
amplify  the  rectification  achieved  by  single  interfaces.  Similar  distributions  were 
previous  reported  by  bending  the  beam.  Hence,  while  the  metal-insulator  phase  transition 
is  critical  to  thermal  rectification,  the  taper  and  composition  variation  may  also  contribute 
to  the  effect  by  unique  distributions  of  metal-insulator  domains.  The  metal-insulator 
domains  and  interfaces  can  be  rationally  engineered  to  control  the  thermal  transport.  In 
stoichiometric  VO2  beams,  an  array  of  metal  domains  can  be  created  below  340K  by 
either  substitution  doping  or  local  stressing.  In  addition,  metal  domains  can  be  stabilized 
along  these  VO2  beams  at  sub-340K  temperatures  by  encoding  stoichiometry  variation 
during  the  growth  or  post-growth  hydrogenation.  Over  the  last  several  decades,  while 
tremendous  progress  has  been  made  in  understanding  the  complexity  of  the  metal- 
insulator  phase  transition  in  the  family  of  vanadium  oxides,  the  underlying  physics  still 
remains  largely  illusive.  Its  impact  on  thermal  transport  is  much  less  explored  and  has  yet 
to  be  fully  understood.  Rational  synthesis  of  vanadium  oxide  based  beams  with 
controlled  local  stresses  and/or  stoichiometry  with  a  lack  or  excess  of  oxygen  can  open 
up  rich  pathways  to  further  manipulate  heat  transfer  in  these  systems. 
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In  summary,  we  report  an  unprecedented  large  thermal  rectification  up  to  22%  in 
VO2  beams  that  is  gated  by  the  environmental  temperature.  It  is  the  first  demonstration  of 
an  active  three-terminal  thermal  device  exhibiting  an  “on”  rectifying  state  over  large 
range  of  temperature  (rG=  250-340  K)  and  “off’  resistor  state  {Tg<  250  K  or  Tg>  340K). 
By  changing  temperature,  one  can  switch  the  rectification,  much  like  a  gate  voltage 
switches  a  thyristor  between  two  states  of  electrical  conductance.  The  realization  of  such 
unique  thermal  control  is  a  consequence  of  the  interplay  between  metallic  and  insulating 
phases  due  to  the  rich  parameter  space  provided  by  the  vanadium-oxygen  material 
family.  Such  novel  all-thermal  devices  may  spurn  interesting  applications  in  autonomous 
thermal  flow  control  and  efficient  energy  harvesting. 
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Near-field  Nanoscopy  of  Metal-Insulator  Phase  Transitions  Correlated 
Transition  Metal  Oxides  and  Their  Interaction  with  Plasmon 
Resonances 

By  designing,  simulating  and  fabricating  hybrid  plasmonicA^02  nanostructures, 
we  have  imaged  with  nanoscale  spatial  resolution  in  real-space  how  the  plasmon  dipolar 
modes  are  modulated  and  the  effect  of  the  plasmon  on  the  characteristic  insulator-to- 
metal  transition  VO2.  We  first  performed  polarization-selective  scattering-type  scanning 
near-field  optical  microscope  (s-SNOM)  measurements  to  directly  visualize  the  dipolar 
near-field  distributions  and  couplings  of  plasmonic  triangles,  bowties  and  cross-bowtie 
antennas  in  the  mid- infrared  (9-11  pm)  spectral  regime.  We  systematically  investigate 
the  coupling  mechanism  by  first  imaging  the  near-field  distribution  of  a  single  triangular 
Antenna.  While  monitoring  its  field  distribution,  we  add  another  identical  antenna  closer 
and  closer  to  it  (essentially  forming  bowties  of  varying  gap  width).  We  then  cross  the 
existing  bowtie  with  another  bowtie  (forming  a  cross  bowtie  at  varying  proximity 
distances)  and  monitor  the  evolution  of  the  strongly  coupled  dipolar  field  distribution 
modified  through  inter-antenna  charge-dipole  and  dipole-dipole  Coulomb  interactions  by 
performing  polarization  control  measurements.  The  triangular  plasmonic  metal 
nanostructures  concentrate  plasmons  into  the  sharp  end  and  smear  them  over  the  widened 
base,  resulting  in  dipolar  modes  with  higher  field  intensity  at  the  sharp  end,  and  largely 
suppressed  field  at  the  base.  We  find  that  the  aspect  ratio,  base  and  sharp  end  width 
determine  the  symmetry  and  intensity  of  localized  field  profiles,  both  for  single  particles 
and  particle  aggregates.  Employing  cross-polarized  S/P  s-SNOM  imaging  scheme 
(exciting  along  the  in-plane  direction,  S-excitation,  and  detecting  the  out-of-plane  near- 
field  component,  P-detection),  we  further  demonstrate  that  cross-bowtie  structures  could 
be  used  as  active  infrared  polarization  filters.  Such  devices  would  be  of  interest  to 
realizing  antenna  structures  for  surface  enhanced  infrared  absorption  spectroscopy,  to 
manipulate  optical  fields  in  subwavelength  field  distributions,  plasmonic  filtering  and 
polarization  selection  applications. 


Subsequently  plasmonic  structures  were  fabricated  on  VO2  thin  films  using  ebeam 
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lithography  The  hybrid  plasmonicA^Oi  nanostructures,  were  then  imaged  in  the  near- 
field  at  different  temperature  following  the  percolation  dynamics  of  the  VO2  fdm.  By 
spatially  confining  electromagnetic  fields  to  nanoscale  volumes  using  nanogaps  formed 
by  metallic  nanostructurewe  tailor  the  near- field  environment  with  a  VO2  characteristic 
MIT.  By  providing  real  time  nanoscale  optical  studies  of  a  hybrid  nanomaterial,  we 
demonstrate  a  novel  way  to  manipulate  the  nanoscale  plasmon  couplings  formed  in 
metallic  plasmonic  structures. 
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Near-field  Nanoscale  Investigation  of  Optical  Properties  of  topological 
phases  of  BiiScs  Thin-films 

Among  some  of  the  most  exciting  discoveries  in  the  past  few  years  in  condensed 
matter  research  is  the  theoretical  foundations  of  topological  insulating  electronic  phases 
based  on  strong  spin-orbit  coupling  and  observations  of  the  these  states  in  model 
materials.  On  the  surface  of  topological  insulators  (TIs)  such  as  Bi2Se3  the  electronic 
spectrum  is  characterized  by  a  single  helical  Dirac  dispersion  such  that  counter- 
propagating  electrons  carry  opposite  spin  allowing  propagation  of  pure  spin  currents.  In 
addition  to  their  fundamental  scientific  novelty,  these  states  are  predicted  to  have  special 
properties  arising  from  charge  dynamics  that  could  be  driven  optically,  making  them 
potentially  useful  for  applications  ranging  from  opto-spintronic  devices,  quantum 
computation,  nanoscale  electronics  and  nanophotonics. 

Here  we  investigate  near-field  optical  properties  of  Bi2Se3  thin  films  using 
spectroscopic  s-SNOM."^  Bulk  Bi2Se3  samples  were  synthesized  by  conventional  high 
temperature  solid-state  method.  Formation  of  single  phases  of  Bi2Se3  were  confirmed  by 
powder  X-ray  diffraction  technique.  Thin  film  Bi2Se3  samples  were  prepared  by 
mechanical  exfoliation  on  silicon  wafers.  By  imaging  several  Bi2Se3  thin  films  with  s- 
SNOM,  we  discovered  size  and  wavelength  dependent  near-field  contrast  in  both 
amplitude  and  phase.  S-SNOM  can  directly  visualize  the  Re(s)  of  the  sample’s  dielectric 
function  s  in  amplitude,  while  phase  images  map  Im(s).  Retraction  curves  taken  at 
several  locations  confirm  that  the  contrasts  observed  were  from  evanescent  near-field 
interactions.  Another  solution  to  the  possible  contamination  from  exfoliation  techniques 
is  also  to  eliminate  tape  altogether.  We  introduce  a  “shear  exfoliation”  sample 
preparation  method,  which  reliably  deposits  Bi2Se3  and  Bi2Te3  without  the  possibility  of 
adhesive  contaminants. 
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Control  of  Plasmonic  Nanoantennas  by  Reversible  Metal-Insulator 
Transition  ^ 

We  demonstrate  dynamic  reversible  switching  of  VO2  insulator-to-metal 
transition  (IMT)  locally  on  the  scale  of  15  nm  or  less  and  control  of  nanoantermas, 
observed  for  the  first  time  in  the  near-field.  Using  polarization-selective  near-field 
imaging  techniques,  we  simultaneously  monitor  the  IMT  in  VO2  and  the  change  of 
plasmons  on  gold  infrared  nanoantennas.  Structured  nanodomains  of  the  metallic  VO2 
locally  and  reversibly  transform  infrared  plasmonic  dipole  nanoantennas  to  monopole 
nanoantennas.  Fundamentally,  the  IMT  in  VO2  can  be  triggered  on  femtosecond 
timescale  to  allow  ultrafast  nanoscale  control  of  optical  phenomena.  These  unique 
features  open  up  promising  novel  applications  in  active  nanophotonics. 

In  this  work,  we  demonstrate  unprecedented  active  nanoscale  control  of 
concentration  of  light  by  single  plasmonic  infrared  antennas  in  the  near-field.  The  active 
control  of  the  dielectric  environment  by  the  insulator-to-metal  transition  (IMT)  in 
vanadium  oxide  (VO2),  dynamically  the  transforms  nanoantennas  from  dipole  to 
monopole  and  back.  We  utilize  the  local,  reversible  change  of  refractive  index  of  VO2 
that  undergoes  a  first-order  phase  transition  from  an  insulating  monoclinic  phase  to  a 
metallic  rutile  phase  near  70  °C  in  bulk  single  crystals  14,  the  transition  can  also  be 
induced  by  strain  and  ultrafast  light  pulses.  In  polycrystalline  VO2  thin  films,  the  IMT 
begins  as  conductive  nanodomains  nucleate  and  with  increasing  temperature  evolve  to 
interconnect  in  a  percolative  fashion  throughout  the  filml9.  At  intermediate  stages  of  the 
IMT,  insulating  and  metallic  phases  coexist,  forming  a  network  of  highand  low- 
conductivity  nanodomains  throughout  the  film.  Since  the  metallic  and  insulating 
nanodomains  have  substantially  different  refractive  indices,  VO2  films  provide  for  direct 
local  control  of  the  dielectric  environment  at  nanometer  spatial  dimensions,  which,  in 
turn,  can  directly  modulate  optical  responses  of  nanophotonic  structures. 

Near-field  infrared  spectroscopic  imaging  was  performed  with  (scattering  type 
scanning  near-field  microscope  (s-SNOM)  which  is  based  on  a  tapping  mode  AFM. 
Vertically  vibrating  Ptir-coated  Si-tip  (apex  radius  R  ~  20  nm)  with  an  amplitude  of 
about  25-30  nm  at  a  frequency  of  Q  ~  280  kHz  is  illuminated  by  a  focused  CO2  laser 
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beam  at  wavelength,  X=10.7  |am.  The  tip  converts  the  illuminating  radiation  diffraction 
limited  spot  into  a  highly  localized  and  enhanced  near  field  at  the  tip  apex.  Due  to  the 
near-field  interaction  between  tip  and  sample,  the  back- scattered  radiation  from  the  probe 
tip  is  modified  in  both  amplitude  and  phase,  commensurate  to  the  local  dielectric 
response  of  the  sample.  The  tip-scattered  light  is  detected  using  a  pseudo-heterodyne 
interferometric  detection  scheme,  which  enables  simultaneous  recording  of  amplitude  and 
phase  of  the  scattered  field.  Background  signals  are  efficiently  suppressed  by 
demodulating  the  detector  signal  at  the  second  harmonic  of  the  tip  oscillating  frequency. 

To  directly  visualize  plasmonic  modes  of  the  antennas  and  their  interaction  with 
the  IMT  of  the  VO2  film,  we  implement  in-plane  polarization-selective  excitation  (s- 
excitation,  i.e.  polarized  along  the  y  direction)  and  in-plane  detection  (s-detection),  which 
is  referred  to  s/s  imaging.  Figure  1  shows  topography,  third-harmonic  s/s  near-field 
amplitudes,  and  phase  images  of  the  antennas  on  the  VO2  film  for  different  temperatures. 
The  four  IR  antennas  are  nominally  identical  (Figure  la),  making  it  possible  to  compare 
the  effects  of  VO2  IMT  on  them.  The  amplitude  images  (Figure  Ib-d)  show  bright  and 
dark  optical  contrast  due  to  the  coexisting  insulating  (dark)  and  metallic  (bright)  phases 
affecting  the  nanoscale  dielectric  environment  of  the  antennas.  The  metallic  phase  begins 
to  form  randomly  with  increasing  temperature.  As  a  result,  portions  of  the  antennas  are 
located  partly  on  the  metallic  and  partly  on  the  insulating  phases  of  VO2  as  observed  in 
the  amplitude  images  (Figure  Ib-d).  The  amplitude  images  allow  one  to  see  the  change 
of  nanoscale  field  magnitudes  and  the  metallic  phase  formation  .  At  the  same  time,  the 
near-field  phase  images  e-h  are  less  sensitive  to  material  contrast  but  allow  one  to  follow 
the  dipolar  mode  modification  on  each  of  the  four  antennas  due  to  IMT.  They  display 
strong  phase  contrast  at  the  rod  ends.  The  VO2  regions  exhibit  very  weak  phase  contrast 
as  shown  in  Figure  le-h,  which  is  independent  of  excitation  or  detection  polarizations. 

At  room  temperature,  all  antennas  display  identically  the  expected  pronounced 
dipolar  phase  contrast  at  their  ends,  as  shown  in  Figure  le.  At  higher  temperatures,  all 
antennas  whose  one  end  is  situated  on  the  metallic  phase  turn  from  dipole  to  monopole  as 
evident  for  Rod  1  (Figure  If-h),  Rod  3  (Figure  If),  and  Rod  4  (Figure  If-g).  At  even 
higher  temperature,  when  the  amplitude  image  shows  that  most  of  the  film  is  in  metallic 
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Figure  1.  Temperature-controlled  IMT 
and  antenna  near- field  images.  Near-field 
3rd  harmonic  amplitude  (b-d)  and  phase 
(e-h)  images. 

Schematics  (i-1)  describing  experimental 
results  of  IR  plasmonic  antenna  modes 
simultaneously  with  VO2  thin  film  IMT 
domain  formation  and  propagation. 


phase  (Figure  Id),  both  dipole  and  monopole  antenna  modes  of  Rods  2,  3  and  4  turn  off 
(Figure  Ih)  completely.  An  interesting  case  is  Rod  2:  despite  the  middle  part  of  the  rod 
sitting  on  the  metallic  phase  (Figure  Ic),  it  still  retains  its  dipole  characteristics  (Figure 
Ig)  since  both  ends  are  on  the  insulating  grains.  It  only  turns  off  at  higher  temperature 
when  the  entire  antenna  is  situated  on  metal  (Figure  Ih).  These  results  are  interpreted  in 
schematics  shown  in  Figure  li-1.  The  summary  of  this  work  is  the  first  experimental 
evidence  that  near-field  local  optical  processes  in  plasmonic  nanostructures  can  be 
directly  and  actively  controlled  by  nanodomains  in  VO2  film  as  it  undergoes  the  IMT. 
Depending  on  the  precise  location  of  the  nanoantennas  with  respect  to  metallic  and 
insulating  domains  in  the  VO2  film  on  the  scale  of  15  nm  or  less,  the  IMT  reversibly 
transforms  infrared  plasmonic  dipole  antennas  to  monopole  antennas  or  switches  them 
off.  We  envision  that  such  dynamic  active  control  of  the  nanoscale  interaction  of  light 
with  nanostructured  materials,  which  can  potentially  be  ultrafast,  will  open  up  diverse 
applications  in  nanooptics  and  the  related  technologies. 
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Nanoscopy  of  Phase  Transition  in  VO2  Crystals  and  Plasmons  in  An 
Antennas 

We  investigate  vanadium  dioxide  (VO2)  bulk  erystals  for  nanoplasmonics  local 
manipulation  using  high-resolution  nanoscopy.  We  examined  various  types  of  VO2 
crystals  such  as  strained  ones  grown  on  sapphire  substrate,  free-standing  pure  VO2 
crystals  and  tungsten  doped  suspended  VO2  crystals.  Strained  crystal  beams  provide 
better  control  of  metal  (M)  insulator  (I)  phases  with  sharp  transitions  that  offer  excellent 
opportunity  for  switching  and  manipulation  of  plasmons.  Compared  to  thin  film  VO2 
samples,  the  crystal  beams  generate  quasi-reproducible,  uniform  M  and  I  regions 
separated  by  a  sharp  interface  as  confirmed  by  nanoimaging.  The  periodic  stripes  are 
caused  by  strain  due  to  the  substrate,  such  stripes  are  absent  in  both  free-standing  and 
tungsten  doped  VO2  crystals.  We  used  these  periodic  stripes  in  strained  VO2  to 
manipulate  plasmon  hot  spots  in  Au  infrared  antennas  fabricated  on  the  crystal  at 
different  orientation  with  respect  to  the  excitation  laser.  The  M-I  transition  in  VO2  is  not 
affected  by  the  antenna  plasmons  as  such,  the  antennas  serve  as  a  good  reporter  of  the 
phase  transition. 

In  this  work  we  compare  several  types  of  VO2  samples  such  as  strained  signle 
crystals,  free-standing  pure  and  tungsten  doped  VO2  crystals  and  films  for  nanophotonics 
local  manipulation.  The  crystal  provides  non-percolative  and  ultrafast  switching  of  metal 
insulator  phases  with  a  sharp  transition  MIT  good  for  switching  compared  to  polycrystal 
films  investigated.  We  study  the  near-field  MIT  evolution  using  scattering  type  scanning 
near-field  optical  microscope  (s-SNOM)  in  these  samples  and  demonstrate  plasmon 
switching  using  the  MIT.  In  strained  crystals,  periodic  M-I  stripes  are  observed  which  are 
absent  in  identical  but  free-standing  VO2  crystal  beams.  In  graded-tungsten  doped  VO2 
crystals,  M-I  phase  separation  is  already  evident  even  at  room  temperature  and  as 
temperature  is  increased  the  interface  evolves  until  the  crystal  becomes  uniformly 
metallic.  ^  Since  the  strained  VO2  crystals  on  substrate  provide  evident  contrast  between 
the  mixed  phases,  we  then  used  the  periodic  M-I  stripes  to  fabricate  local  gold  (Au) 
nanorods  and  manipulate  plasmon  hot  spots.  Fig.  1.  Further,  by  orienting  Au  plasmonic 
antenna  rods  on  VO2  crystals  at  different  angles  with  respect  to  the  excitation  laser  and 
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studying  their  near-field  optical  signal  with  high  resolution  shows  evolution  of  the  dipolar 
mode  at  room  temperature  and  reversible  on  and  off  dipolar  modes  during  MIT  of  the 
crystal  (Fig.  l). 


Fig.  1.  S-SNOM 
Topography  (a)  and 
second  harmonic  near- 
field  amplitude  (b)  images 
of  a  Au  antennas 
fabricated  on  V02film 
deposited  on  Si  substrate 
imaged  at  T'-67^C.  The 
topography  (c)  and  near- 
field  amplitude  (d)  images 
of  Au  rods  fabricated  on 
single  crystal  VO2  beams 
grown  on  sapphire 
substrate  also  imaged  at 
T'-73^C.  All  near-field 
images  are  recorded  at 
laser  wavelength,  X=10.7 
pm. 
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Nanoscopy  Reveals  Surface-Metallic  Black  Phosphorus  ^ 

Nanolayer  and  two-dimensional  (2D)  materials  ^  sueh  as  grapheme  ",  boron 
nitride  ",  transition  metal  diehalcogenides  (TMDCs),  and  black  phosphorus  (BP) 
have  intriguing  fundamental  physical  properties  and  bear  promise  of  important 
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applications  in  electronics  and  optics  ’  ’  .  Of  them,  BP  ’  ’  is  a  novel  layered 

material  that  has  been  theoretically  predicted  to  acquire  plasmonic  behavior  for 
frequencies  below  ~0.4  eV  when  highly  doped.  The  electronic  properties  of  BP  are 
unique  due  to  its  anisotropic  structure.  Advantages  of  BP  as  a  material  for 
nanoelectronics  and  nanooptics  are  due  to  the  fact  that,  in  contrast  to  metals,  the  free 
carrier  density  in  it  can  be  dynamically  controlled  by  chemical  or  electrostatic  gating, 
which  has  been  demonstrated  by  its  use  in  field-effect  transistors.  ’  ’  Despite  all  the 
interest  that  BP  attracts,  near-field  and  plasmonic  properties  of  BP  have  not  yet  been 
investigated  experimentally.  Here  we  report  the  first  observation  of  nanoscopic  near-field 
properties  of  BP.  We  have  discovered  near-field  patterns  of  outside  bright  fringes  and 
high  surface  polarizability  of  nanofilm  BP  consistent  with  its  surface-metallic,  plasmonic 
behavior  at  mid-infrared  (mid-lR)  frequencies  below  critical  frequency  co^  «1176  cm". 

This  has  allowed  us  to  estimate  plasma  frequency  » 0.4  eV,  carrier  density 

1.1x10“  cm“*  and  the  thickness  of  the  surface  metallic  layer  of  ~1  nm.  We  have 
also  observed  similar  behavior  in  other  nanolayer  semiconductors  such  as  TMDC  M0S2 
and  topological  insulator  BiiTcs  but  not  in  insulators  such  as  boron  nitride.  This  new 
phenomenon  is  attributed  to  surface  band-bending  and  charging  of  the  semiconductor 
nanofilms.  The  surface  plasmonic  behavior  has  been  found  for  10-40  nm  BP  thickness 
but  absent  for  4  nm  BP  thickness.  This  discovery  opens  up  a  new  field  of  research  and 
potential  applications  in  nanoelectronics,  plasmonics,  and  optoelectronics. 

In  this  work,  we  report  the  first  experimental  near-field  optical  nanoscopic 

investigation  of  BP  at  mid-IR  frequencies.  We  have  observed  near-field  amplitude 

patterns,  which  allow  direct  imaging  of  the  gap  field  at  the  tip-sample  junction  via  bright 

fringes  formed  at  BP  edges  outside  of  the  BP  geometric  boundaries.  In  comparison  with 

full  electrodynamic  modeling,  we  attribute  them  to  a  high  surface  polarizability  of  BP 

consistent  with  surface-metallic,  plasmonic  behavior  at  mid-IR  frequencies.  Note  that 
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such  surface  charging  is  a  well-known  phenomenon  for  conventional  3D  semieonductors 

9  S 

but  has  never  been  previously  reported  for  BP  or  other  nanolayer  materials. 

Near-field  optical  images  were  aequired  using  a  eommereial  s-SNOM  system 
(neaspec.eom)  represented  schematieally  in  Figure  3a.  A  linearly  polarized  mid-IR 
quantum  caseade  laser  (Daylight  Solutions)  is  foeused  on  the  tip-sample  interface  at  an 
angle  of  45*^  to  the  sample  surfaee,  and  the  seattered  field  is  detected  by  phase- 
modulation  interferometry.  Topography  (Figure  3e)  and  third  harmonie  near-field 
amplitude  images  of  a  wedge-shaped  uncoated  BP  exfoliated  flake  on  a  Si/Si02  substrate 
are  shown  at  two  frequeneies  (Figure  3d,  e).  Near-field  amplitude  images  displayed  in 
Figure  3d,e  show  bright  eontrast  compared  to  the  substrate.  The  amplitude  image  taken  at 
(o  =934.6  cm'  (Error!  Reference  source  not  found.d)  shows  a  bright  fringe 
surrounding  the  wedge  separated  by  a  dark  eontrast  from  the  inner  bright  surface  of  the 
structure.  Sueh  an  edge  fringe  is  missing  in  the  near-field  amplitude  image  taken  at  co 
=1818.2  em''  (Figure  3e),  suggesting  a  strong  frequeney  dependence  of  the  fringe 
formation.  In  fact,  the  fringe  disappears  at  a  critieal  frequency  « 1 176  cm  '.  The 

observed  fringe  in  Figure  3d  is  situated  strictly  outside  the  geometric  limits  of  the  BP 
structure  as  shown  by  the  broken  straight  line  drawn  aeross  the  line  profile  plots  of  the 
three  images  shown  in  Figure  3b.  Similar  outside  bright  fringes  followed  by  a  dark 
contrast  fringe  are  seen  in  Figure  3g  for  BP  coated  with  1  nm  AI2O3  and  on  uncoated  BP 
of  the  identical  thickness  (Figure  3f).  We  associate  this  outside  fringe  around  the  nano¬ 
flake  of  BP  with  high  surfaee  polarizability  related  to  its  metallic,  plasmonic  behavior. 
[After  eontents  of  this  artiele  was  posted  as  a  preprint  and  initially  submitted  for  a 
journal  publieation,  we  became  aware  about  publieation  where  metal  nanolayer  at  the 
surface  of  BP  was  observed  by  angular-resolved  photoelectron  spectroscopy  (ARPES), 
which  independently  supports  the  present  findings].  In  our  case,  the  frequency 

« 1 176  cm  '  at  which  the  fringe  disappears  is  the  surface  plasmon  frequeney,  which 
corresponds  the  dielectrie  permittivity  f^p  =  -l.  We  will  use  the  Drude  formula, 
E  =  Eq-  {(Op  /  (df ,  where  cOp  is  the  bulk  plasma  frequeney  of  the  surfaee  layer,  and  Eq  is 
the  baekground  (high-frequency  permittivity.  Setting  £•(,  =  6  as  typieal  for  narrow-band 
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semiconductors,  we  can  find  co^  =  co^sJsq  -  £sp  “  ^.4  eV  «  3224  cm  ' .  From  this,  we  find 
the  three-dimensional  electron  density,  n  =  ^LlxlO^^cm'' ,  where  e  is 

unit  charge,  and  is  electron  mass,  which  is  a  density  reasonable  for  highly-doped, 

conducting  semiconductors  exhibiting  plasmonic  behavior.  [24]  These  high-density 
charges  are  likely  to  originate  from  the  band  bending  caused  by  the  surface  dopants,  as 
known  for  conventional  3D  semiconductors. [20]  Such  charges  form  a  surface  “metallic” 
layer  whose  thickness  can  be  estimated  as  the  corresponding  Thomas-Fermi  screening 

length,  Vjp  =  hegp(2ey^m~^^^(3n  /  ~  Inm,  where  e^p  is  bulk  permittivity  of  BP  (we 

set  Spp  =  6  the  same  as  above). 
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Figure  3.  Edge  fringe  nanoscopy.  (a)  Experimental  schematics,  (b)  line  profiles  where  the  broken  line 
represents  the  physical  boundaries  of  BP,  (c)  topography,  (d)  near-field  amplitude  images  of  uncoated  BP 
at  two  frequencies  co  =  934.6  cm  \  which  shows  bright  contrast  enclosing  BP  the  edge,  (e)  =  1818.2  cm'^ 

showing  absence  of  the  fringe,  (f)  Similar  thickness  bare  BP  and  (g)  1-nm  sapphire-coated  BP.  Small  dark 
spots  in  uncoated  samples  [panels  (c)-(f)]  result  from  degradation  (oxidation)  of  BP. 
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Synthesis,  Crystal  Structure  and  Magnetic  Properties  of  Li3Mg20s06,  a 
Geometrically  Frustrated  Osmium  (V)  Oxide  with  an  Ordered  Rock 
Salt  Structure:  Comparison  with  Isostructural  Li3Mg2Ru06 


We  reported  on  the  novel  Os-based  eompound  Li3Mg20s06,  whieh  is  isostructural 


and  isoelectronic  to  the  above-mentioned 
ruthenate.  LisMgiOsOe,  was  synthesized  in 

n  1 

polycrystalline  form  by  reducing  LisOsOe  by 

osmium  metal  and  osmium  (IV)  oxide  in  the 

presence  of  stoichiometric  amounts  of 

magnesium  oxide.  The  crystal  structure  was 

refined  using  powder  X-ray  diffraction  data  in 

the  orthorhombic  Fddd  space  group  with  a  = 

5.88982  (5)  k,  b  =  8.46873  (6)  A  and  c  = 

17.6825  (2)  A.  This  compound  is  isostructural 

and  isoelectronic  with  the  Ru-based  system 

Li3Mg2Rii06.  While  there  is  no  signifieant  Figure  4.  The  crystal  structure  of  Li3Mg2M06 

(M  =  Ru,  Os).  The  blue  octahedral  represent 
differenee  between  the  erystal  stmetures  of  the  [MOet,  the  yellow  circles  are  Li  rich 

^  positions  and  the  large  green  circles  are 

systems,  the  magnetic  properties  of  the  Os  phase  rich  positions 

differ  markedly  from  those  of  the  Ru 

material  (Figure  4).  Below  the  paramagnetic  regime  there  are  three  anomalies  at  75K, 
3  OK  and  lOK.  Those  at  75K  and  3  OK  are  suggestive  of  short-range  AFM  correlations, 
while  that  at  lOK  is  a  somewhat  sharper  maximum  showing  a  ZFC/FC  divergence 
suggestive  of  perhaps  spin  freezing.  On  the  other  hand,  the  ruthenate  shows  long-range 
AFM  order  below  17K  without  any  other  unusual  feature  at  higher  temperatures  and  is 


less  frustrated,/=  6. 
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Figure  5.  A  Curie  Weiss  fit  in  the  paramagnetic  region  with  temperature  dependent  zero-field/field  cooled 
magnetic  susceptibility  data  and  field  dependence  of  magnetic  moment  for  Li3Mg20s06.  (a)  Curie- Weiss 
fit  in  the  paramagnetic  region,  lOOK  -  300K.  The  black  squares  denote  the  inverse  susceptibility  values 
and  the  red  line  represents  the  fit.  (The  fitting  parameters  are  shown  on  the  figure  and  discussed  in  the 
text,  (b)  Temperature  dependent  zero-field  cooled/field  cooled  magnetic  susceptibility  data  for 
Li3Mg20s06  between  2  -  80  K  compared  with  corresponding  data  for  Li3Mg2Ru06 


Moreover,  while  the  sharp  lambda 
anomaly  in  the  temperature  dependent  heat 
capacity  data  of  Li3Mg2Ru06  supports  the  long- 
range  order,  in  the  heat  capacity  data  of  osmium 
material,  a  broad  feature  (near  ~  12K)  is 
observed.  This  observation  rules  out  long-range 
order  (LRO)  for  LisMgiOsOe  (Figure  6). 

Moreover,  the  low  temperature  neutron 
diffraction  data  for  the  Ru  compound  revealed 

Figure  6.  Heat  capacity  data  for  Li3Mg20s06 
magnetic  peaks  (indicative  of  the  long-range  at  applied  fields  of  OT  (solid  circles)  and  9T 

Todgh  circles^ 

order),  whereas  the  magnetic  Bragg  peaks 

below  lOK  transition  for  the  osmium  phase  were  absent.  The  inconclusive  results 
motivated  us  to  perform  muon  spin  relaxation  (pSR)  experiments  that  revealed  the 
presence  of  strong  static  magnetic  order  (spin  frozen  system)  at  base  temperature  with  a 
clear  transition  at  ~12K. 
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V.  Structure  Variations  and  Magnetic  Properties  Two  Novel  Osmates 
Polymorphs  with  L^MgOsOe  Chemical  Composition 

Prior  to  this  work,  magnetic  properties  of  Os-based  oxides  in  ordered  rock  salt 
were  investigated  for  Os^"^  and  Os^"^ 
systems,  namely  in  LhOsOe  and 
Li3Mg20s06,  respectively.  In  order  to 
complete  the  systematic  study  of 
magnetism  in  these  systems,  attempts 
were  devoted  to  prepare  and  study  the 
missing  Os^^  member,  namely 
Li4Mg0s06.  Preliminary  data  revealed 
that  the  phase  is  formed  in  more  than  one 
crystal  structure  types.  It  was  noted  that 
monoclinic  C2/m  phase  is  a  metastable 
form,  which  converts  into  the 
orthorhombic  Fddd  structure  upon  longer 
heating  period.  Various  methods  were 
tried  to  synthesize  the  single-phase 
samples,  as  these  systems  would 
potentially  enable  to  understand  the  role 
of  crystal  symmetry  in  magnetic 
properties  of  two  different  materials  with 
the  same  chemical  compositions.  Pure 
products  of  LhMgOsOe  in  both  C2/m  and 
Fddd  symmetries  were  obtained  and 
confirmed  by  powder  X-Ray  Diffraction.  The  powder  XRD  pattern  for  two  phases  are 
represented  in  (Figure  7).  Both  polymorphs  of  LhMgOsOe,  form  in  ordered  rock  salt 
structure  type,  which  comprise  edge-shared  octahedra.  The  monoclinic  variant  (Figure 
8a)  crystallizes  in  C2/m  space  group  and  is  isostructural  to  S  =  V2  system,  LuMgReOe.^"* 
The  cell  constants  are  a  =  5.1074(4)  A,  b  =  8.8182(4)  A,  c  =  5.0902(2)  A,  P  = 
109.845(4)°,  and  V  =  215.64(1)  A^.  Two  formula  units  of  L^MgOsOe  are  present  in  each 
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Figure  7.  Room  temperature  powder  X-ray 
diffraetion  pattern  of  monoelinie  (top)  and 
orthorhombie  (bottom)  variants  of  Li4Mg0s06.  The 
blaek  erosses  indieate  the  experimental  data  while  the 
Rietveld  refinement  fit  is  shown  as  a  solid  red  line. 
The  differenee  between  these  values  are  represented 
by  the  bottom  thin  blue  solid  line.  The  peak  positions 
of  the  target  phases  are  loeated  by  the  green  vertieal 
tiek  marks  and  the  pink  vertieal  tiek  marks  (bottom) 
represent  the  position  of  monoelinie  side-produet  in 
orthorhombie  sample. 
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unit  cell.  The  orthorhombic  system  (Figure  8  b)  appears  in  Fddd  space  group  with  a  = 
5.8485(1)  A,  b  =  8.3821(1)  A,  c  =  17.6212(3)  A  and  V=  863.84(2)  A^.  It  is  isostructural 
to  Li3Mg2Ru06  and  is  composed  of  eight  formula  units  per  unit  cell.  The  molar 
volumes  of  the  orthorhombic  phase  is  only  0. 130(2)%  larger  than  that  of  the 
monoclinic  phase,  which  is 
indicative  of  nearly  identical 
chemical  compositions  for  the  two 
phases.  In  the  monoclinic  crystal 
structure  only  alternate  layers 
contain  OsOe*’’  octahedra  and  these 
layers  of  magnetic  ions  are 

separated  from  each  other  along  andorthorhombic  variant  of  LuMgOsO^  (right).  The  blue 

the  c  crystallographic  axis  by  octahedra  represent  OsOe'"' units  and  the  yellow  spheres 

represent  mixed  oecupied  positions  by  Li  and  Mg  ions.  The 

diamagnetic  layers  (edge-shared  red  spheres  represent  anions. 

LiOe  "  and  MgOe  ’®).  Except  osmium  positions,  which  are  ordered  in  both  structures,  the 
rest  of  the  cationic  positions  are  mixed  occupied  between  Li  and  Mg. 


Temperature  dependent  ZFC  and  FC  data  for  both  orthorhombic  and  the 
monoclinic  phases  of  LiaMgOsOe  are  similar  in  Figure  9.  The  Curie-Weiss  fit  in  the 
paramagnetic  regime,  300-380K  for  both  phases  reveal  highly  negative  6  values,  -121.87 
K  and  -1 14.81  for  Fddd  and  for  C2/m,  respectively.  The  experimental  effective  magnetic 
moment  {piefA  values  of  2.34  /xB  and  2.13  fxB  for  both  orthorhombic  and  monoclinic 
phases  (respectively)  are  smaller  than  the  spin  only  value  of  2.83  /xB,  which  are  consistent 
with  the  spin-orbit  coupling  in  the  electronic  configuration  that  are  less  than  half  filled.. 
Also,  there  is  no  hysteresis  in  the  field  dependence  magnetic  moment  data  at  2  K  and  300 
K  for  both  phases.  These  measurements  suggest  that  the  transition  probably  happen  lower 
than  2  K. 
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Figure  9.  Temperature  dependent  ZFC  and  FC  magnetic  susceptibility  data  for  the  C2/m  and  Fddd 
Li4MgOs06  between  0  -  400  K  (top).  Curie-Weiss  fit  in  the  paramagnetic  region,  300K  -  380K  for  Fddd 
and  CUm  (middle).  Field  dependence  of  the  magnetic  moment  for  the  CUm  and  Fddd  Li4Mg0s06  at  2  K 
and  300  K  (bottom). 


Even  though  the  temperature  dependent  and  field  dependent  magnetie  moment 
data  for  both  phases  show  no  major  difference  from  static  magnetic  properties  point  of 
view,  the  dynamic  behavior  that  was  monitored  by  relaxation  technique  reveal 
remarkable  contrast.  In  Fddd  system  (Figure  10)  there  is  still  some  magnetic  responses  at 
5  K,  which  died  off  shortly  as  the  temperature  increased,  whereas  in  the  monoclinic 

system  there  are  distinct  responses  at  5,  10  and  20K  (Figure  11).  Therefore,  these  novel 
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compounds  are  excellent  candidates  for  Muon  spin  relaxation  (pSR)  study  and  low 
temperature  magnetic  susceptibility  measurements. 


Figure  10.  Magnetic  relaxation  measurement  data  for  Fddd  Li4Mg0s06. 


Figure  11.  Magnetic  relaxation  measurement  data  for  C2/m  Li4Mg0s06. 
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Ferrimagnetism  in  Honeycomb  Lattices  of  Novel  Osmates;  L^NiOsOe 
and  Li3Ni20s06 


Two  novel  Osmium-based  compounds  L^NiOsOe  and  LisNiiOsOe  were 
synthesized  by  solid  state  reaction  methods.  They  are  crystallized  in  the  monoclinic 
(C2/m)  system  with  the  unit  cell  parameters  of  a  =  5.1017  (8),  b  =  8.8295  (1),  c  =  5.0858 
(6),  13  =  109.863  (1)°  and  V  =  215.460  (3)  for  the  former  and  a  =  5.1270  (1),  b  = 
8.8582  (3),  c  =  5.1133  (1),  yS  =  109.556  (2)°  and  V  =  218.830  (7)A^  for  the  latter.  The 
crystal  structures  are  composed  of  quasi-2D  arrangement  of  edge-shared  octahedra 
forming  alternate  layers  of  Os  containing  honeycomb  lattice  (Figure  12). 


Figure  12.  Honeycomb  arrangement  of  Li3Ni20s05  in  ab  plane  (left)  with  the  blue  circle  being  osmium  ion 
and  the  green  is  nickel.  (Right)  The  layer  of  the  honeycomb  arrangement.  Blue  octahedra  represent  OsO^^' 
,  which  are  surrounded  by  the  green  NiO^^^'  octahedra,  the  yellow  circle  is  lithium  and  pink  circle  denotes  a 
mixture  of  nickel  and  lithium  while  the  red  circles  are  oxygen. 


Field  dependent  magnetization  measurement  shows  hysteresis  at  2  K  for 
Li4Mg0s06  and  2  K,  5  K,  10  K  and  15  K  for  Li3Ni20s0  suggesting  ferrimagnetic 
ordering  in  the  system  (Figure  13  and  14). 

Magnetic  susceptibility  data  were  collected  from  2  K  to  300  K  for  both 
compounds  (Figure  15).  By  performing  the  Curie-Weiss  fit,  large  negative  6  values  of  - 
141  K  for  L^NiOsOe  and  -318  K  for  LisNiiOsOe  reveals  that  the  system  contain  two 
unequal  opposing  antiferromagnetic  sublattices.  They  cancel  each  other  out  but  not 
entirely  resulting  in  the  ferrimagnetic  behavior  in  the  system.  The  experimental  effective 
magnetic  moment  (peff)  values  for  both  Li3Ni20s06  and  Li3Ni20s06values  are  3.89  pB 
and  7. 1  pB  respectively. 
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Figure  13.  Field  dependence  of  the  magnetic 
moment  for  the  Li4Ni0s05  at  2  K  shows  a 
hysteresis 


Figure  14.  Field  dependence  of  the  magnetic 
moment  for  the  Li3Ni20s06  at2K,5K,  lOK  and 
15  K.  All  of  them  show  hysteresis. 


Figure  15.  Temperature  dependent  ZFC  and  FC  magnetic  susceptibility  data  for  Li4Ni0s05  (left)  and 
Li3Ni20s06  (right)  compound  between  2  K-300  K.. 
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Long  Range  Antiferromagnetic  Transition  in  Novel  B-site  Ordered 
Double  Perovskite  Ca2Sc0s06 

A  new  Os-based  5-site  ordered  double  perovskite  with  the  chemieal  composition 
of  Ca2Sc0s06  was  successfully  synthesized.  The  crystal  structure  of  the  title  compound 
was  determined  by  employing  the  powder  X-ray  diffraction  method  and  was  found  to 
crystallize  in  the  monoclinic  P2i/n  space  group  with  the  cell  constants  of  a  =  5.4716(1) 
k,b  =  5.6165(1)  A,  c  =  7.8168  (1)  kj=  89.889  (2)°  (Figure  16). 


Figure  16.  Polyhedral  representation  of  the  crystal 
structure  of  Ca2Sc0s06.  The  blue  and  green 
octahedra  represent  OsO^^'  and  ScO^^'  units, 
respectively.  The  large  yellow  spheres  represent 
Ca^"^  ions. 


The  temperature  dependent  magnetie 
suseeptibility  data  suggest  that  this 
novel  S=  1 2  compound  undergoes  an 
antiferromagnetic  transition  at  ~69  K. 
Fitting  the  high  temperature 
susceptibility  data  (100  -  300  K)  to 
Currie- Weisse  behavior  showed  C  = 
1.734  emu-K/mole  {p-eff  =  3.72  Bohr 
Magnetons)  and  0  =  -34 IK,  which  is 
indicative  of  dominant 

antiferromagnetic  interactions  (Figure 
17). 


Figure  17.  Temperature  dependent  zero-field  cooled/field 
cooled  magnetic  susceptibility  data  for  Ca2Sc0s05  (Lower 
left).  Inverse  magnetic  susceptibility  data  as  a  function  of 
temperature  and  Curie- Weiss  fit  in  the  paramagnetic 
region,  lOOK  -  300K  (Upper  right) 
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Temperature-dependent  speeific  heat  measurements  exhibit  a  lambda  shape 
anomaly  at  69  K,  whieh  is  consistent  with  a  long-range  ordering  of  the  spins.  Due  to  a 
triangular  arrangement  of  antiferromagnetically  ordered  magnetic  ions,  the  system 
exhibits  some  degree  of  geometric  magnetic  frustration  (GMF),  but  not  strongly  (Figure 
18). 


Figure  18.  Temperature  dependent  heat  capacity  data  for  Ca2Sc0s06.  The  lambda  shape  anomaly  is 
indicative  of  long-range  order  at  the  transition  temperature. 
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Partial  Spin  Ordering  and  Complex  Magnetic  Structure  in  BaYFe04:  A 
Neutron  Diffraction  and  High  Temperature  Susceptibility  Study 

Previously  we  studied  the  novel  quaternary  eompound  in  the  Ba-Y-Fe-0  phase 
diagram  was  synthesized  by  solid  state  reaetion  and  its  erystal  strueture  was  eharacterized 
using  powder  X-ray  diffraetion.  The  erystal  structure  of  BaYFe04  consists  of  a  unique 
arrangement  of  Fe  magnetic  ions,  which  is  based  on  alternate  comer-shared  units  of 
[FeOs]  square  pyramids  and  [FeOe]  octahedra.  This  results  in  the  formation  of 
stairwise  channels  of  FeO  polyhedra  along  the  b  crystallographic  axis.  The  stmcture  is 
described  in  an  orthorhombic  crystal  system  in  the  space  group  Pnma  with  lattice 
parameters  a  =  13.14455(1)  A,  b  =  5.694960(5)  A,  and  c  =  10.247630(9)  A  (Figure  19). 

O  O 

The  temperature-dependent  magnetic  susceptibility  data  reveals  two  antiferromagnetic 
(AFM)  transitions  at  33  K  and  48  K.  An  upturn  in  the  magnetic  susceptibility  data  above 
these  transitions  is  observed,  which  does  not  reach  to  its  maximum  even  at  390K  (Figure 
20).  The  field-dependent  magnetization  data  at  both  2  K  and  300  K  show  a  nearly  linear 
dependence  and  does  not  exhibit  significant  hysteresis.  Heat  capacity  measurements 
between  2  K  and  200  K  reveal  only  a  broad  anomaly  without  any  indication  of  long- 
range  ordering.  The  latter  data  are  not  in  good  agreement  with  the  magnetic  susceptibility 
data,  which  makes  it  difficult  to  exactly  determine  the  magnetic  ground  state  for 
BaYFe04.  This  was  the  first  physical  property  study  in  such  a  magnetic  ion  sub-stmcture. 
Attempts  to  induce  mixed  valent  iron  by  lithium  doping  to  the  parent  compound  has  not 
been  successful,  yet.  If  this  process  is  done  successfully,  interesting  electronic  transport 
properties  are  expected. 


Figure  19.  (a)  Crystal  structure  of 
BaYFe04.  View  along  the  b  axis.  The 
lattice  is  built  up  from  corner-shared 
[FeO;]’'  square  pyramids  and  [FeO^]^' 
octahedra.  Barium  and  yttrium  are  shown 
by  light  grey  and  dark  grey  spheres, 
respectively,  (b)  Comer-shared  octahedra 
and  square  pyramids  forming  [Fe40i8]^''‘ 
rings. 
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Figure  20.  ZFC  and  FC  temperature 
dependent  magnetic  susceptibility  data 
of  BaYFe04  measured  under  fields  of 
10000  and  1000  Oe.  The  inset  shows  two 
maxima  at  33  K  and  48  K.  A  broad 
maximum  near  12K,  observed  in  the 
1000  Oe  ZFC  curve,  is  suppressed  under 
high  fields. 


Later,  variable-temperature  neutron  powder  diffraetion  and  high-  temperature 
magnetic  susceptibility  measurements  were  performed  to  clarify  the  magnetic  behavior. 
Neutron  powder  diffraction  confirmed  that  the  two  magnetic  transitions  observed  at  36 
and  48  K  are  due  to  long-range  magnetic  order  (Figure  21). 


Figure  21.  The  relative  intensities  of  magnetic 
peaks  as  a  function  of  temperature.  The  two  step 
intensity  drops  at  36K  and  ^48K  is  consistent 
with  the  magnetic  susceptibility  data. 


T(K) 

Below  48  K,  the  magnetic  structure  was  determined  as  a  spin-density  wave 
(SOW)  with  a  propagation  vector,  k  =  (0,  0,  1/3),  and  the  moments  along  the  b-axis 


(Figure  22a),  whereas  the  structure  becomes  an  incommensurate  cycloid  [k  =  (0,  0, 


~0.35)]  below  36  K  with  the  moments  within  the  bc-plane  (Figure  22b).  However,  for 


O  I 

both  cases  the  ordered  moments  on  Fe 


are  only  of  the  order  ~3.0  pg,  smaller  than  the 


expected  values  near  4.5  pg,  indicating  that  significant  components  of  the  Fe  moments 
remain  paramagnetic  to  the  lowest  temperature  studied,  6  K.  Moreover,  new  high- 
temperature  magnetic  susceptibility  measurements  revealed  a  peak  maximum  at  ~550  K 


indicative  of  short-range  spin  correlations.  It  is  postulated  that  most  of  the  magnetic 
entropy  is  thus  removed  at  high  temperatures  which  could  explain  the  absence  of  heat 
capacity  anomalies  at  the  long-range  ordering  temperatures.  Published  spin  dimer 
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calculations,  which  appear  to  suggest  a  k  =  (0,  0,  0)  magnetie  strueture,  and  allow  for 
neither  low  dimensionality  nor  geometric  frustration,  are  inadequate  to  explain  the 
observed  complex  magnetic  structure. 


Figure  22.  (a)The  magnetic  structures  based  on  spin-density  wave  (SDW)  model  with  a  propagation 
vector,  k  =  (0, 0, 1/3)  below  48  K,  and  (b)  based  on  an  incommensurate  cycloid  [k  =  (0, 0,  -0.35)]  below  36 
K. 
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CaYGa04;  a  Fully  Ordered  Novel  Olivine  Type  Gallate 

A  new  olivine  type  gallate  with  CaYGa04  chemical  composition  was  synthesized. 
The  crystal  structure  was  determined  by  single  crystal  X-ray  diffraction  method.  The 
structure  is  fiilly  ordered  and  composed  of  three  different  motifs.  CaOe’**'  octahedra  share 
their  edges  and  form  one  dimensional  chains  along  the  b  crystallographic  axis.  The 
comer-shared  octahedra  form  puckered  layers,  which  are  extended  parallel  to  the 

be  plane,  while  the  Ga04^’  tetrahedra  are  separated  from  each  other  by  the  octahedral 
units  (Figure  23).  The  unique  cation  ordering  in  this  system  is  related  to  the  charge 
ordering  between  Ca  and  Y  and  is  explained  by  the  Pauling’s  rules. 


Figure  23.  (a)  One  dimensional  arrangement  of  edge-shared  CaO^^^'  octahedra  along  the  b  crystallographic 
axis,  (b)  Comer-shared  arrangement  of  octahedra,  forming  puckered  layers  perpendicular  to  a 

crystallographic  axis,  (c)  Discrete  Ga04^'  units,  which  are  filling  the  empty  space  between  the  octahedra. 
(d)  An  asymmetric  unit  composed  of  three  different  types  of  polyhedra. 


o  I  o  I 

Partial  replacement  of  Ga  by  Fe  resulted  in  a  series  of  solid  solution  with 
CaYGai.xFex04  (phase  range  0  <  x  <  0.50)  chemical  composition.  By  increasing  the  iron 
content  in  the  system  b  and  c  axes  became  longer  while  the  a  crystallographic  axis 
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became  shorter  (Figure  24).  The  net  result  was  a  linear  increase  in  unit  cell  volume  in 
accordance  with  the  Vegard’s  law  (Figure  25). 


Figure  24.  Experimental  powder  X-ray  diffraction 
patterns  for  CaYGai.xFex04  (0  <x  <0.5).  The  shift  of 
020  and  002  peaks  to  the  lower  diffraction  angles 
and  the  shift  of  400  peaks  to  the  higher  diffraction 
angles  are  represented  in  insets  (a),  (c)  and  (b), 
respectively. 


Figure  25.  Cell  constants  and  unit  cell  volume  of 
CaYGai.xFex04  (0  <x  <0.5),  as  a  function  of  x.  (a) 
Decrease  of  a  axis  by  increasing  x.  (b)  and  (c)  Show 
the  increase  in  b  and  c  axes  by  increasing  x.  (d) 
Finear  behavior  of  unit  cell  volume  by  changing  x 
in  accordance  with  the  Veggard’s  law. 
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Synthesis,  Crystal  Structure  and  Physical  Properties  of  La3Ali.xSixCu|27 
(2  =S,  Se)  * 


Transition  metal  chalcogenides  with  the  chemical  composition  of  LasAh. 
xSixCug?  {Q  =  S,  Se)  were  synthesized  through  the  use  of  a  high  temperature  solid-state 
method.  Crystal  structures  of  the  title  compounds  were  determined  by  X-ray  single 
crystal  and  powder  diffraction  techniques.  They  were  known  to  crystallize  in  a  hexagonal 
space  group  P63  and  are  isostructural  to  the  acentric  Si-based  compound,  LasSiCug? 
(Figure  26a).  The  crystal  structure  is  composed  of  one-dimensional  chains  of  trigonal 
planar  [Cuga]^'  units,  which  are  arranged  in  a  staggered  fashion  (Figure  26b). 


(a)  (b) 

Figure  26.  (a)  Hexagonal  crystal  structure  of  La3SiCu(27,  the  unit  cell  is  contained  in  the  outlined  box.  (b) 
1-D  chains  of  equidistant  staggered  [CuQj]^'  units. 


In  an  attempt  to  induce  magnetism  into  these  diamagnetic  polar  systems,  a  partial 
replacement  of  the  Si"^^  ions  with  with  Al^^  ions  will  result  in  partial  oxidation  of  copper 
centers  towards  Cu^"^  centers,  when  x  =  1.  When  x  =  0.5,  The  presence  of  unpaired 
electron  in  alternating  copper  centers  is  expected  to  result  in  interesting  electronic 
transport  properties  (Peierls  distortion).  The  effort  was  devoted  to  prepare  the  single¬ 
phase  compounds,  which  will  enable  further  physical  properties  measurements.  The 
target  sulfide  phases  that  were  synthesized  (with  side  products)  that  were  analogous  to 
the  parent  compound,  in  that  they  crystallized  in  a  hexagonal  P63  crystal  system.  The 
target  selenide  phases  were  also  synthesized  (with  side  products)  and  it  was  found  that 
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the  crystal  structure  changed  as  more  aluminum  was  introduced  in  to  the  system.  The 
phase  changed  from  a  hexagonal  P6 3  to  a  lower  symmetry  doubled  supercel  monoclinic 
P2i  in  LasAlojsSio  isCuSe?.  This  can  be  attributed  to  the  integration  of  a  second  unique 
copper  center,  which  is  arranged  in  a  different  pattern.  The  first  copper  center  is  still 
retained  as  having  a  linear  chain  of  staggered  trigonal  planar  [CuSes]  "^  units.  However, 
the  second  unique  copper  chain  still  contains  the  trigonal  planar  copper  units,  but  are  in  a 
zig-zag  formation  as  shown  in  Figure  27a.  The  presence  of  the  two  different  coordination 
environment  around  copper  centers  is  the  driving  force  for  doubling  the  unit  cell, 
compared  to  the  hexagonal  parent  structure  (Figure27b).  This  is  an  interesting  discovery, 
which  may  lead  to  exotic  electronic  transport  transition  properties.  At  the  moment  we  are 
trying  to  produce  phase  pure  samples  of  these  compounds  in  order  to  examine  their 
physical  properties.  These  compounds  can  also  be  manipulated  to  include  other  transition 
metals  and  possible  tellurium.  But  an  even  more  interesting  experiment  would  be  to 
replace  the  rare-earth  metal  with  the  other  lanthanides  in  order  to  see  how  the  /-orbitals 
will  contribute  and  interact  with  the  different  physical  properties. 


(a)  (b) 

Figure  26.  (a)  The  distorted  chain  of  the  partially  oxidized  copper  centers  and  (b)  the  structural 
transformation  from  hexagonal  (black  dashed  lines)  to  monoclinic  (nearly  orthorhombic,  green  solid  line) 
in  A1  substituted  phase. 
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Summary 


The  performed  projeet  was  eentered  around  two  separate,  albeit  related  topics. 
The  high-resolution  infrared  near-field  imaging  experiments  were  performed  to  better 
understand  the  origin  of  emergence  of  metal  insulator  transitions  (MIT)  in  known 
transition  metal  oxides  and  to  utilize  the  phase  transtion  states  of  VO2  to  control  and 
manipulate  local  plasmon  resonaces.  First,  we  imaged  the  charge  dynamics  in  (MIT)  of 
both  amorphous  VO2  fdms  and  stress  free  suspended  VO2  crystals  and  probed  the 
existence  of  mixed  phases  in  tapered  suspended  crystal  VO2  beams.  Then  we  studied  the 
interaction  of  VO2  with  plasmons.  Both  the  fdm  VO2  and  the  crystal  VO2  were  explored 
for  local  unprecedented  control  of  local  plasmon  light  concentrations.  We  have 
demonstrated  for  the  first  time  dynamic  reversible  switching  of  VO2  metal- insulator 
transition  and  control  of  plasmonic  nanoantennas  dipolar  modes. 

The  other  component  of  the  work  was  an  exploratory  synthesis  of  novel  transition 
metal  oxides  and  chalcogenides,  which  resulted  in  discovery  of  novel  phases  such  as 
BaYFe04,  CaGaY04,  Li3Mg20s06,  L^MgOsOe,  L^NiOsOe,  Li3Ni20s06,  La3Sii- 
xAlxCug?  {Q  =  S,  Se)  and  Ca2Sc0s06.  We  successfully  synthesized  the  single-phase 
samples  of  the  above-mentioned  phases  and  investigated  their  crystal  structures  and 
physical  properties. 
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